Stress, either psychological or physical, can have a dramatic impact on the immune system. Toll-like receptors (TLRs) play a pivotal role in the induction of innate and adaptive immune response. We have reported that stress modulates the immune response in a TLR4-dependent manner. However, the mechanisms underlying TLR4-mediated signaling in stress modulation of immune system have not been identified. Here, we demonstrate an essential role for the TLR4-mediated phosphoinositide 3-kinase (PI3K)/ Akt signaling. PI3K inhibition by inhibitors wortmannin or LY294002 abrogated protection of stress-induced immune suppression in TLR4-deficient mice compared with TLR4-deficient mice that did not receive the inhibitors. The mechanisms by which PI3K are increased in the TLR4-deficient lymphocytes may involve increased phosphorylation of Akt as well as increased phosphorylation of glycogen synthase kinase-3β (GSK-3β). The stress-mediated suppression of T help 1 (Th1) cytokine and increased production of Th2 cytokine was greatly reduced in TLR4 deficient mice compared with the wild type mice. Moreover, inhibition of PI3K diminished protection of the above Th1 and Th2 changes caused by stress in TLR4-deficient mice compared with non-stressed mice and the wild type mice. Our data demonstrated that TLR4 negatively regulates PI3K activity in wild type mice, leading to the observed the stress-induced immune response. The higher levels of PI3K prevent TLR4 deficient mice from the stress-induced immune response. Therefore, stress modulates the immune system through TLR4-mediated PI3K/Akt signaling.
Introduction
Stress, either physical or psychological, can have a dramatic impact on the immune system in both humans and animals (Yin et al., 2000; Shi et al., 2003; Dhabhar and McEwen, 1997; Frieri, 2003; Yang and Glaser, 2002; Yin et al., 2006b ). The effects of stress which may occur on a daily basis on immune system vary with the severity of the stress. It is clear that moderate stress such as routine exercise could enhance immune response. Acute stress has been shown to enhance antibody production (Dhabhar and McEwen, 1999) . Indeed, Dhabhar and McEwen have demonstrated that acute stress (2 h) could significantly increase delayed-type hypersensitivity reaction (Persoons et al., 1995) . However, chronic stress such as long-term emotional stress can decrease immune function (Dhabhar and McEwen, 1997; Shi et al., 2003; Yin et al., 2000; Frieri, 2003) . This effect is at least in part due to the reduction of lymphocytes (Zorrilla et al., 2001; Yin et al., 2000 Yin et al., , 2006b Shi et al., 2003; Beaulieu et al., 2008) . Chronic stress or physiologically exhausting stress has significant suppressive effects on the immune system that includes innate and adaptive immunity, cellmediated immunity and effector cell function (Reiche et al., 2004; Quan et al., 2001; Shi et al., 2003; Hawkley and Cacioppo, 2004) . Stress is a known risk factor for numerous human diseases, such as infectious diseases, autoimmune diseases and cancer (Reiche et al., 2004; Shi et al., 2003; Dhabhar and McEwen, 1997; Cao et al., 2007) . The cellular mechanisms underlying the suppressive effects of stress on the immune system have begun to be further understood as we have reported that physical restraint stress modulates the immune system through Toll-like receptors (TLRs) and the cell death receptor Fasmediated apoptotic mechanism (Yin et al., 2000 (Yin et al., , 2006b Shi et al., 2003; Zhang et al., 2008) .
TLRs are an ancient and evolutionarily conserved receptor family which regulates innate and adaptive immunity, inflammation and antimicrobial host defense (Aderem and Ulevitch, 2000; Medzhitov 
